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Abstract Ionic liquids (ILs) with interesting and useful
properties are usually organic salts which have an asym-
metric organic cation and a wide assortment of anions.
Mixing ILs and some materials like nano structures adjusts
their properties positively. This paper reviews the recent
computational molecular dynamics studies about mixture
of ILs and some materials including carbon nanotubes
(CNT), gases and water. Below we mention some reported
results in this review. In the case of ILs–CNT systems, we
review the behavior of ILs in the CNT dispersing. The
results show that ILs cannot disperse the bundled single-
walled CNTs, but it can disperse some aggregated non-
bundled ones. In the case of confined water/IL mixtures,
the obtained results show that the most interaction energy
value is observed in pure water and pure IL systems. It was
shown in the case of absorption of gases such as SO2 by ILs
systems, that the diffusion coefficient of cation in the pure
ILs and IL/SO2 gas mixtures was greater than that of the
anions and much less than that of the SO2 molecules. In
addition, in comparison with pure ILs, the presence of SO2
leads to an increase in the diffusion coefficients, conduc-
tivity, density and heat capacity of the ionic species of the
IL/SO2 gas mixtures.
Keywords Molecular dynamics (MD) simulation  Ionic
liquids (ILs)  Carbon nanotube (CNT)
Introduction
Ionic liquids (ILs) are promising materials as novel sol-
vents for such processes as chemical reactions [1], ex-
traction [2], catalysis [3] and gas absorption [4]. Moreover,
ILs have been recently used as safe electrolytes in sec-
ondary batteries [5], electric double-layer capacitors [6],
dye-sensitized solar cells [7], and fuel cells [8]. These
applications come from their desirable properties, such as
nonflammability, negligible volatility, high electro-
chemical and thermal stability, and high ionic conductivity.
One of the principal tools in the theoretical study ILs is the
method of molecular dynamics simulations (MD). Using
MD simulations we can understand the properties of che-
mical systems in terms of their structure and the micro-
scopic interactions between them. Simulations act as a
bridge between theory and experiment. MD simulations
generate information at the microscopic level, including
atomic positions and velocities. The conversion of MD
simulation outputs like atomic positions and velocities to
macroscopic observables such thermodynamical and dy-
namical data requires statistical mechanics [9, 10]. In this
review we present recent findings about ionic liquids
mixtures obtained by MD simulation.
ILs–CNTs mixtures
Many methods have been introduced to enhance the ability
of dispersing of nanotubes in solvents, for example, poly-
mer and DNA wrapping, sidewall functionalization,
modification through p–p stacking with aromatic mole-
cules and addition of surfactant [11–18]. These methods
usually cannot disperse a very large amount of CNTs, thus,
a much simpler and more convenient method is needed to
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be capable of dispersing the CNTs at higher concentrations
for large scale applications. Many efforts have been made
to search the convenient solvents for CNT low solubility.
One of the best groups of solvent for dispersing of CNTs is
the group of room temperature ILs which can disperse the
CNTs well without disarranging the structures by the for-
mation of bulky gels. Very recently Aida et al. [19]
demonstrated that discotic ionic liquid crystals of triph-
enylene derivatives [20, 21] bearing six imidazolium ion
pendants [22] are the best liquid crystalline dispersants for
pristine CNTs. They showed that the orientation of CNTs is
a dominant factor for charge-carrier transport properties of
the ionic liquid crystalline/CNT composite. Shim et al. [23]
investigated the solvated single- and double-walled CNTs
in the ILs. They indicated that cations and anions show
smeared-out, cylindrical shell-like distributions outside of
the nanotubes regardless of the nanotube diameter. Some
attempts have been done for determining the dispersion
mechanism of CNTs in ILs. The simulation evidence and
experimental results have indicated that the ILs interact
with CNTs by weak interaction of van der Waals other than
the previous supposed cation -p interaction [24].
Recently, the application of IL has shown promising
results for structural control of nanocomposites, for ex-
ample a new route for the preparation of graphene sheets
from multi-walled CNT was investigated by Schrekker
et al. [25] using suitable IL for the nanotube unrolling
under ultrasound. It was found that the imidazolium-based
cationic ring of IL exhibits a strong interaction with the
CNT surface via p–p electron bonding. Nevertheless, the
size and polarity of the IL anion has proven to be a crucial
factor for successful CNT unrolling. During the ultrasound
application, the CNT opening happened when the large and
hydrophobic anion NTf2
- applied, which resulted in the
formation of micrometric-sized tactoids consisting of a few
layered graphene sheets. On the other hand, the chloride
anion did not have a tendency to penetrate into the CNT
and open the p-packed graphene layers. Although this
method still does not provide a very high CNT to graphene
conversion yield, it is a promising strategy to obtain highly
pure carbon-based nanomaterials (CNM) structures un-
der mild, non-oxidative and easy handling conditions,
and allows the preparation of epoxy-based CNM
nanocomposites.
The IL-modified CNTs might be suitable as additives for
various lubricating systems via tailoring the molecular
structure, for example Zhou et al. [26] used multi-walled
carbon nanotubes (MWCNTs) were modified by imida-
zolium-based IL,1-hydroxyethyl-3-hexyl imidazolium te-
trafluoroborate and used as an additive in base stock IL1-
methyl-3-butylimidazolium tetrafluoroborate as the base
lubricant. Results suggest excellent anti-wear properties for
the IL-modified MWCNTs as lubricant additive.
Chaban et al. [27] reported a combined experimental
and theoretical study of 1-ethyl-3-methyl-imidazolium
chloride, [C2C1MIM][Cl], inside carbon nanotubes
(CNTs). They showed that despite its huge viscosity
[C2C1MIM][Cl] readily penetrates into 1–3 nm wide CNTs
at slightly elevated temperatures (323–363 K). Ex-
perimental and simulated structures of RTIL inside CNT
and in bulk phase are in good agreement. They emphasized
a special role of the CNT–chloride interactions in the
successful adsorption of [C2C1MIM][Cl] on the inner
sidewalls of 1–3 nm carbon nanotubes. Figure 1 shows
highest occupied molecular orbital localized on the chlo-
ride anion: (a) top view; (b) side view. (c) Localization of
the entire valence electron density in the CNT(13,13) ?
[C1C2IM][Cl] system.
Using computer simulations, Hwang et al. [28]
evaluated the capacitive performance of metallic (6,6),
(10,10), and (16,16) CNTs in [BMIM][PF6] ionic liquid
(IL), with particular attention to the relative contributions
of the electric double-layer (EDL) capacitance (CD) at the
CNT/IL interface and the electrode quantum capacitance
(CQ). Figure 2 shows schematic of BMIM, PF6, and the
simulation domain.
They revealed that CD improves with increasing elec-
trode curvature, which we discuss in terms of how the
Fig. 1 Highest occupied molecular orbital localized on the chloride
anion: a top view; b side view. c Localization of the entire valence
electron density in the CNT (13,13) ? [C1C2IM][Cl] system.
Reprinted (adapted) with permission from Ref. [27]. Copyright
(2014) American Chemical Society
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curvature affects both the electric field strength and EDL
microstructure. In addition, the CQ of the CNTs is constant
near the Fermi level and increases with curvature, as also
demonstrated by density functional theory calculations.
Their study shows that the electrode curvature effect on the
total interfacial capacitance can be a strong function of
applied voltage, which we attribute to the shifting contri-
butions of CQ and CD.
Recently Foroutan et al. [29] performed MD simulations
to study the mixture of ionic liquid 1-n-propyl-4-amino-
1,2,4-triazolium bromide and both types of the aggregated
CNTs, i.e. bundled CNTs and non-bundled ones. Also, they
investigated the structural characteristics and dynamic be-
havior of these systems, theoretically and systematically.
Figure 3 shows the structure of the IL cation.
Result showed that, in examination of a system contain-
ing a (6, 6) CNT immersed in IL, a little diffusion of anion
and cation inside the nanotube and the aggregation of bro-
mide anions at its two ends were observed. Figure 4a shows
the simultaneous presence of the anion and the cations inside
the CNT. Also, a representation of solvent anions around the
CNT is shown without displaying the cations in Fig. 4b.
The study of the six aggregated non-bundled CNTs in
the IL showed that in non-bundled systems, the structure of
the aggregated CNTs begins to be separated from the area
which has larger contact surface with the solvent.
Figure 5a, b show that the initial configuration snapshot the
snapshot after the 5000 ps of performing dynamic run. The
obtained results explicitly show that the bundled CNTs-in
seven resist severely against being separated.
The temporary resistance of the interior CNTs in this
system is due to their larger contact surface with their
neighboring nanotube and less contact surface with the sur-
rounding ILs. For the bundled systems, it was found that they
severely resist against the solvent separating forces. This
happens because in these systems, the sum ofp–p interactions
between the common surfaces of the nanotube molecules is
larger than these interactions in the corresponding non-bun-
dled systems due to the less contact surface of the solvent with
the bundled CNTs. The comparison of the behavior of the
bundled systems with the non-bundled ones shows this fact
that the stability of the bundled system against separation is
more than the similar non-bundled ones.
ILs/CNTs and water mixtures
In many applications, it is necessary that fluids, especially
aqueous solvents, transfer through nano channels. Carbon
nanotubes are new materials that can be filled with dif-
ferent materials regarding their special atomic sizes. This
Fig. 2 Schematic of BMIM,
PF6, and the simulation domain.
Two CNTs of the same radius
are placed in the simulation
domain such that the IL
maintains its bulk density in the
middle and edges of the domain.
White, blue, and gray lines
indicate H, N, and C atoms in
BMIM while red and pink lines
indicate F and P atoms in PF6,
respectively. Periodic boundary
conditions are applied in the x,
y, and z directions. Reprinted
(adapted) with permission from
Ref. [28]. Copyright (2014)
American Chemical Society
Fig. 3 Cation image of the ionic liquid solvent, Atomic labels of the
[part] ? ion. Reproduced (Adapted) from [Ref. 29] with permission of
the Royal Society of Chemistry (RSC)
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property makes them one of the most ideal candidates for
various applications such as sensors, and fuel storage [30–
32]. Theoretical and experimental investigations indicated
that the confined fluids exhibit completely different struc-
tural and dynamical characteristics in comparison with the
bulk fluids [33–35]. In recent years, there has been sig-
nificant interest in understanding the properties and inter-
actions of IL and organic and inorganic compounds,
especially water. By adding water to the ILs, their struc-
tural and dynamical properties such as surface tension,
diffusion, density, and viscosity change. Therefore, a better
understanding of the behavior of ILs in water and the in-
teractions between them is required. Experimentally, wa-
ter/imidazolium-based ILs mixtures have been investigated
using middle [36, 37] and near [38] infrared spectrum.
These results showed that in the mentioned ILs, water
molecules have a tendency to be separated from each other
due to the strong interactions among the anions and water
molecules. In addition, the results of the far-infrared
spectroscopy of the pure hydrophobic and hydrophilic
imidazolium-based ILs and their mixtures have been re-
ported by Lendl et al. [39] Also, excess enthalpies of some
imidazolium-based ILs with different anions and water
have been calculated by Brennecke et al. [40] Recently,
mutual solubility of water and some imidazolium-based
ILs has been observed [41–43]. Voth et al. [44] have
studied the effects of alkyl side chain length and anion on
the [bmim][BF4] IL behavior. They showed that alkyl
chain length plays a significant role in the aggregation
behavior of the cations. In other words, the increase of the
alkyl chain length results in stronger aggregation of the
cations and slower diffusion of the anions. More recently
and using MD simulations, Varela et al. [45] studied water/
1-alkyl-3-methyl-imidazolium IL mixtures and confirmed
water cluster formation in these mixtures. A variety of
multi-walled carbon nanotubes grafted with immidazoli-
um-based CNT–ILs were synthesized by Park et al. [46].
Result showed that CNT–ILs exhibited significantly en-
hanced catalytic reactivity towards the cycloaddition re-
actions. Compared with traditional porous silica and
polymer supports, the use of oxidized MWCNTs as sup-
porting materials can significantly improve the catalytic
performance of immobilized ILs. The effects of IL and
composition (ratio of CNT: polymer: IL) on the electro-
chemical and electromechanical properties of actuators
containing activated and non-activated MWCNT–IL gel
electrodes were investigated by Terasawa et al. [47]. The
electrochemical and electromechanical properties of ac-
tuators containing the activated and non-activated
MWCNT–IL gel electrodes were compared to those of a
SWCNT-based actuator. Result showed that the common
CNT activated MWCNT actuator can generate a maximum
Fig. 4 The snapshots of a the anion and the cations of the IL inside
the CNT. b A representation of IL anions without displaying its
cations in simulation cell. The CNT, anions and cations are colored
blue, green and red, respectively. Reproduced (Adapted) from [Ref.
29] with permission of the Royal Society of Chemistry (RSC)
Fig. 5 The snapshots of the
bundled CNTs-in seven without
displaying the solvent ions of
system. a The initial state and
b after 5000 of MD simulations.
Reproduced (Adapted) from
[Ref. 29] with permission of the
Royal Society of Chemistry
(RSC)
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stress sufficient for practical purposes without using spe-
cialized SWCNT. Furthermore, the actuator containing
MWCNT–COOH performed better than those containing
SWCNTs or MWCNTs, and gave a more rapid response.
More recently, Fei et al. [48] found MWCNTs to be ef-
fectively dispersed in aqueous solutions containing IL-
based phosphonium surfactants [e.g., alkyl-triphenyl
phosphonium bromide (CnTPB, n = 12, 14)]. MWCNT
dispersibility increased with increasing length of the hy-
drocarbon chain in CnTPB.
Hong et al. [49] reported a new practical route for
synthesizing SWCNT–polymeric IL gels by non-covalent
functionalization of oxidized SWCNT surfaces with
imidazolium-based PILs based on in situ radical polymer-
ization. Subsequently, Tung et al. [50] accomplished the
surface modification of CNTs using poly(1-vinyl-3-
ethylimidazolium). The resulting material was selectively
suspended in water or organic solvents. Rahimi et al. [51]
developed a superoxide radical biosensor based on a nano-
composite containing cytochrome. They used IL (1-allyl-3-
methyl-imidazolium bromide as a typical RTIL and
MWCNTs. The biosensor showed a relatively high sensi-
tivity (7.455 A/M/cm2) and long-term stability (180 days)
towards O2
-. Mundaca et al. [52] described an enzyme
biosensor for androsterone based on 3a hydroxysteroid
dehydrogenase immobilized onto a CNT/IL/NAD? com-
posite electrode. This configuration allowed the fast, sen-
sitive, stable electrochemical detection of the NADH.
Recently Foroutan et al. [53] compared the behavior of
water/[part][Br] mixtures and water/[part][Br] mixtures
confined inside (20,20) CNT. With analyzing the obtained
results, they will be able to understand molecular details of
water/[part][Br] mixtures confined inside (20,20) CNT and
their bulk mixtures. The chemical structure and atom types
of 1-n-propyl-4-amino-1,2,4-triazolium cation was showed
in Fig. 3.
The obtained results indicate that the Br- anion has a
more tendency to be hydrated with water than the cation
which is due to the most interactions between water and the
anion. The radius distributions of the NB atoms of the IL
cation and Ow atoms of water indicate that the locations of
these atoms are close to the walls of the SWCNT. In all
water mole fractions, the arrangement of the aromatic rings
is parallel to the SWCNT surface. Figure 6 shows the
RDFs of the oxygen–oxygen (Ow–Ow) of the water mole-
cules in bulk and confined water/[part][Br] mixtures at
different water mole fractions.
In all of these representations, the oxygen–oxygen RDFs
exhibit a main peak at 2.75 A˚, suggesting the existence of
small water clusters at low water mole fractions. This is
consistent with the results of the previous studies about the
bulk mixtures of water and ILs based on imidazolium [44].
In addition, the height of this peak for water mole fraction
Xw = 0.4 is slightly lower than Xw = 0.609, indicating
stronger spatial correlations of water molecules at
Xw = 0.609. As the water mole fraction increases, the
height of the peaks decreases slightly. The second
relatively weak peak is also observed in these plots so that
can be neglected in comparison with the first peak. This
result indicates that the presence of SWCNT leads to
stronger spatial correlations of water molecules. Table 1
represents the average interaction energy for several water
mole fractions for both bulk and confined water/[part][Br]
mixtures.
As Table 1 shows, for the confined water/IL mixtures,
the most interaction energy value is observed in pure water
and pure IL systems and at Xw = 0.802. In the case of bulk
mixtures, the most interaction energy is observed at
Xw = 0.802. Generally, there is an interesting dependence
between the interaction energy and water mole fraction for
water/[part][Br] mixtures.
Results showed that the planar structures of the
triazolium cation, it has larger diffusion coefficient than the
anion. All the confined and bulk mixtures separated into
two regimes at low and high water mole fractions: ion-









































Fig. 6 Radial distribution functions for Ow–Ow of the water
molecules in a confined water/[part][Br] mixtures, and b their bulk
mixtures for different water mole fractions. Reprinted from [Ref. 53]
Copyright (2014), with permission from Elsevier
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ILs–gas mixture
Gas solubility in IL has been measured extensively to de-
velop ionic liquid-based technology for gas separation, for
example Li et al. [54] discovered that the structural dif-
ference between anions in [bmim] [BF4] and [bmim][Tf2-
N] is the main reason leading to differences in CO2 capture
from the perspective of quantum mechanics and molecular
mechanics scattering. Recently the effects of anions and
cations in ILs, gas flow rates, and water content were
discussed by Hu et al. [55] to study the characteristics of
CO2 absorption by five kinds of ILs. The results show that
more amino groups in ILs lead to higher CO2 absorption
capacities. The CO2 absorption capacity first increases and
then decreases with the rise of temperature. When the
volume of the absorption container remains constant, an
increase of the gas flow rate leads to an increase of CO2
partial pressure. Thus, the mass transfer driving force of
CO2 between the gas and liquid phases is promoted and the
absorption rate improved.
The use of mixed IL, in particular of those that combine
physical and chemical absorption of CO2, can be advan-
tageous over simple IL for the development of CO2 capture
processes, as a result of an improved balance of absorption
capacity and thermo-physical properties. For example, the
CO2 absorption capacity of the mixture [C2mim][OAc]
?
[C2mim][EtSO4] at T = (298.2 and 353.2) K, and at
pressures up to 17 bar, was studied by Soto et al. [56].
They showed that the absorption capacity was higher at the
lowest temperature. At this temperature, the addition of
[C2mim][EtSO4] to [C2mim][OAc] prevented the solidifi-
cation of the product resulting from the chemical reaction
between CO2 and [C2mim][OAc]. The combination of IL
practically did not affect their liquid range or their thermal
stability. The solidification or the glass transition behavior
of the studied mixture would occur well below the common
operating temperatures in most practical applications.
The electrochemical reduction of CO2 at a Pb electrode
in the presence of IL [emim][Tf2N] has been performed by
Brennecke et al. [57]. They investigated the role of
imidazolium-based IL as homogeneous catalyst for low-
ering the CO2 reduction potential as well as modulating the
course of the reaction. Also, Brennecke et al. [58] showed
that phosphonium azolide ILs are of interest for CO2
capture applications. Also Brennecke et al. [59] showed
that ILs with aprotic heterocyclic anions (AHA) can bind
CO2 with reaction enthalpies that are suitable for gas
separations and without suffering large viscosity increases.
Taking advantage of the tunable binding energy and ab-
sence of viscosity increase after the reaction with CO2,
AHA ILs are promising candidates for efficient and envi-
ronmental-friendly absorbents in postcombustion CO2
capture. Transport properties of CO2 and CH4 were pre-
dicted for temperatures between (273.15 and 573.15) K and
pressures up to 800 MPa by Maginn et al. [60] through MD
simulations. A computational study was carried out by
Maginn et al. [61] to investigate the solubility and dy-
namics of water in five different ILs capable of chemically
reacting with CO2. All the ILs have a common tetrabutyl
phosphonium cation paired with five different aprotic
heterocyclic anions. These ILs have properties that make
them attractive candidates for use in CO2 capture appli-
cations, but the impact of water on their properties is un-
known. The simulations showed that the ionic liquid
having a 2-cyanopyrrolide anion is the most hydrophobic
of all the liquids studied, but that upon reaction with CO2 it
becomes much more hydrophilic. Recently, the solubility
of H2S in N-methylacetamide and N, N-dimethylacetamide
were experimentally has been measured by Jalili et al. [62].
Gas concentrations have been systematically measured by
the isochoric saturation method at temperatures from
(303.15 to 363.15) K and pressures from the vapor pressure
of solvent up to about 2.2 MPa. Results showed that H2S
solubility in N,N-dimethylacetamide is more than that in
N-methylacetamide.
SO2 gas is one of the main causes of air pollution and
acid rain and recently, there has been a great deal of in-
terest toward absorption of gases such as SO2 by ILs [63–
65]. Depending on the type of the IL, the gas absorption by
an ILs can be considered as a physical or a chemical pro-
cess, or both of them [66] Wu et al. [66] have used a base-
functionalized IL, 1,1,3,3-tetramethylguanidinium lactate
to absorb SO2 and they proposed that absorption had both
physical and chemical interactions and absorbed SO2 in-
teracted with the amine group on the cation. Ribeiro et al.
[67, 68] showed that 1-butyl-3-methyl-imidazolium bro-
mide (BMIBr) salt, experience drastic variations on their
physical properties upon contact with gaseous SO2. They
showed that the transport coefficients of BMIBr–SO2 differ
by more than 2 orders of magnitude to the molten phase of
Table 1 The average interaction energy of several the water mole
fractions for confined water/[part][Br] mixtures inside (20,20)
SWCNT and bulk water/[part][Br] mixtures. Reprinted from [Ref. 53]
Copyright (2014), with permission from Elsevier
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pure BMIBr. The drastic changes on the physical properties
of BMIBr were attributed to shielding effects on ionic in-
teractions due to Br-–SO2 interactions. Also their results
showed that the long-range structure of neat BMIBr is
disrupted resulting in a liquid with relatively low viscosity
and high conductivity, but strong correlation of ionic mo-
tion persists in the BMIBr–SO2 mixture due to ionic
pairing. Also ab initio quantum chemistry has been used to
evaluate the relative role played by charge transfer and
ion–dipole interactions between SO2 and F
- and Cl-. In-
stead of charge transfer, it has been shown that electrostatic
interactions prevail between SO2 and F
- or Cl- anions [65].
The facilitated separation of CO2 and SO2 in supported
ionic liquid membranes (SILMs) containing a series of
carboxylate-based ILs (including mono carboxylates and
dicarboxylates) under humidified condition was investi-
gated by Huang et al. [69] experimentally. They found that
dicarboxylate-based ILs are a class of tunable media for the
selective separation of acidic gases. When the anions of
dicarboxylate-based ILs are fully deprotonated, they could
be used as effective carriers for the selective separation of
CO2. The permeabilities of CO2 in triethylbutylammonium
malonate ([N2224]2[malonate]) and triethylbutylammonium
maleate ([N2224]2[maleate]) under the partial pressure of
0.1 bar range from 2147 to 2840 barrers and the
permselectivities of CO2/N2 and CO2/CH4 in them ap-
proach to 178–265 and 98–221, respectively. Figure 7
shows permeability of CH4 and N2 in the tested SILM
sunder the transmembrane pressure difference of 0.3 bar at
40 C.
They showed, although the increase of temperature
would result in the enhancement of gas permeability, the
permselectivity of gas pairs is inferior under higher tem-
peratures. For the facilitated separation of CO2, it is found
that the transmembrane pressure difference has a negative
effect on the permeability of CO2 and the permselectivity
of CO2/N2 and CO2/CH4. [N2224]2[maleate] and [N2224]2-
[malonate] are found to exhibit the largest permeability of
CO2 and the highest permselectivity of CO2/N2 and CO2/
CH4 under low trans membrane pressure differences
among the ILs investigated for the selective separation of
CO2. Absorption of SO2 and CO2 on the ion pairs of tri-
methyl (ethyl) phosphonium tetrazole ([P1112]
?[Tetz]-(and
trimethyl (butyl) phosphonium tetrazole ([P1114]
?[Tetz]-)
was performed by Hong et al. [70]. Figure 8 shows the
geometries of (a): isolated [Tetz]- anion, (b): [P1112]?
cation, and (c): [P1114]?cation.
They show that the absorbed SO2 has larger overlap
with the ion pairs than with the CO2, which corresponds
with the absorption of SO2 and CO2 on the isolated anion
of [Tetz]-. The transferred charge between the ion pairs of
the [P1112]
?[Tetz]- (or [P1114]
?[Tetz]-) and the absorbed
SO2 is much larger than that between the ion pairs and the
CO2 and this also proves that the ion pairs of [P1112]
?
[Tetz]- and [P1114]
?[Tetz]- behave better in the absorption
of the SO2 than in the CO2.
Xie et al. [71] performed energy consumption analysis
for CO2 separation using imidazolium-based IL and
showed that the CO2 absorption enthalpy in IL is
dominated by the enthalpy of CO2 dissolution and the
contribution of excess enthalpy increases with increasing
CO2 solubility in IL. The magnitude of the CO2 absorption
enthalpy decreases with increasing chain length in cation
and strongly depends on the anion of ILs. Furthermore, if
CO2 is absorbed at 298 K and 1 MPa and IL is regenerated
by decreasing the pressure to 0.1 MPa at the same tem-
perature, among the ILs, [emim][EtSO4] is the solvent with
the lowest energy consumption of 9.840 kJ/mol CO2. The
interactions between [BMIM][MeSO4] and CO2/SO2 has
been investigated by Lu¨ et al. [72] using a hybrid DFT
method. They showed that the interacting structures, elec-
tronic and topological properties between [BMIM]
[MeSO4] and CO2/SO2 are significantly different. The
hydrogen bonds between [BMIM]? and [MeSO4]
- were
not changed by the absorption of CO2. The interaction
Fig. 7 Permeability of CH4 and N2 in the tested SILM sunder the
transmembrane pressure difference of 0.3 bar at 40 C. (1-[N2224]2
[maleate]; 2-[N2224]2[malonate], 3-[N2224][acetate]; 4-[N2224][propi-
onate];5-[N2224][Tf2 N]). Reprinted from [Ref. 69] Copyright (2014),
with permission from Elsevier
Fig. 8 The geometries of a: isolated [Tetz]- anion, b [P1112]?
cation, and c [P1114]?cation. Reprinted from [Ref. 70] Copyright
(2014), with permission from Elsevier
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energy between [BMIM][MeSO4] and SO2 is larger than
that between [BMIM][MeSO4] and CO2. Separation of
CO2 from the CO2/N2 mixtures through IL membrane was
carried out by Shimoyama et al. [73]. They found that the
higher permeability of CO2 was obtained from the lower
total pressure differential conditions. The feed flow rates do
not have the significant effect on permeability of N2. The
[bmim][PF6] and[bmim][Tf2N] liquid membrane are given
the equivalent CO2/N2 selectivity for XCO2 = 0.5 even
though the feed gas flow rate was adjusted. The carrier
saturation inside the ionic liquid membrane a thigh CO2
concentration and high pressure difference constrain the
permeation of CO2. The highest selectivity was obtained in
the case of XCO2 = 0.3 at constant total pressure difference
and feed gas flow rate.
Hydrogen adsorption in a palladium electrode driven by
the electrochemical reduction of protons from a protic ionic
liquid was performed by Rochefort et al. [74]. They
showed that the amounts of hydrogen absorbed and des-
orbed in thin Pd films is similar in both the diethyl methyl
ammonium-trifluoromethanesulfonate IL. The electro-
chemical quartz crystal microbalance technique showed
decreased absorption and desorption rates due to the slower
proton transfer between the protic ionic liquid and the
electrode. The use of this thermally stable ionic liquid al-
lowed absorbing and desorbing hydrogen at temperatures
up to 125 C, increasing the rate of the reactions.
Liu et al. [75] preformed the potential of eutectic ILs
(EILs) as absorbents for SO2 capture at 30–70 C and 1
atmospheric pressure of pure gas. These properties of these
EILs are similar to traditional ILs and quite different from
molecular solvents. They showed that the SO2 absorption
capacities of CPL-organic amines based EILs are higher
than CPL-organic acids-based EILs. The solubility of SO2
in CPL-acetamide (1:1) is higher than BMImBF4 and lower
than DMF. The solubility of SO2 in CPL-acetamide (1:1) is
0.497 g/g of mass fraction at 30 C and the absorption is
practically reversible. The absorption in CPL-acetamide
(1:1) may probably follow a physical process by 1H NMR
analysis. To investigate the influence of the anion type on
the absorption of SO2 and also on the melting of ILs,
Foroutan et al. [76] study the effect of anion type of ILs on
the absorption of the SO2 gas. These ILs all contained the
1-ethyl-3 methyl imidazole cation and the investigated




- anions and ILs group (II) with Cl- and Br-anion. At
the studied simulation temperature 350 K, ILs groups
(I) and (II) were in the liquid and plastic states, respec-
tively. Figure 9 shows the atom types of each atom in the
[EMI]?cation structure.
They found that the addition of SO2 to the pure ILs
significantly change their physicochemical properties. We
observed that the correlations between the ion pairs in ILs
group (II) are stronger than those observed for the ILs
group (I); also anion interacts more strongly with the gas
than the cation. The obtained values for dAnion and lAnion
showed that more values for these parameters, more ability
of the IL to absorb the gas. The solubility of the SO2
molecules in ILs suggested that these molecules are re-
placed with some cations in the first layer due to the fa-
vorable interactions with the anion, which leads to the
decrease in the coordination numbers of anions in SO2/ILs
mixture. This preserves the structure of ILs at short dis-
tances. Their results showed that the ILs group (II) have the
effective long-range structure than the ILs group (I), due to
strong interactions between ion pairs. In the presence of
SO2 gas, the repulsive interactions between cation–cation
increases while the repulsive interactions anion–anion de-
creases. The results showed that in the presence of SO2, the
diffusion coefficients and conductivities of ions increase.
Figure 10 illustrates that the diffusion coefficients of ionic
species increase from the pure system to the mixture
system.
The strong correlations between particles in the ILs
group (II) led to smaller diffusion coefficients than the ILs
group (I). In general, the diffusion of each ion has inverse
relationship with the size of the ionic aggregate formed
around that ion. Gas molecules with decreasing the charge
of these aggregates and with their screening effect on the
electrostatic interactions lead to an increase in the diffusion
coefficients. The diffusion coefficients of the cations are
larger than the anions, due to weak and small aggregates
around cations. Also, due to the neutral nature and small
size of gas molecules, their diffusion coefficients are larger
than the ionic species. Also our results show that by solving
SO2 in the ILs group (II), a phase transition from rubbery
Fig. 9 Molecular structure of [EMI]?cation, atom labels in OPLSAA
force field. Reprinted from [Ref. 76] Copyright (2014), with
permission from Elsevier
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state to the liquid one take places. The calculations of the
transport numbers showed that due to replacement the large
number of gas molecules with cations in the first ionic layer
around anion in the ILs group (II), the diffusion coefficient
of the cation increase in this group. The opposite result
observed for the ILs group (I).
Conclusion
In the present review, the dynamical behavior and struc-
tural characteristics of the ILs–CNTs mixtures, ILs/water
confined in the CNTs and ILs–gas mixture were investi-
gated using MD simulations. Below we give some obtained
results in this review. For the first system, the ILs–CNTs
mixtures, the obtained results showed that in non-bundled
systems, the structure of the aggregated CNTs begins to be
separated from the area which has larger contact surface
with the solvent. The solvent ions, specially the cations,
weaken the p–p interactions of nanotubes by their shield-
ing effect and producing the p-stacking interactions. The
temporary resistance of the interior CNTs in this system is
due to their larger contact surface with their neighboring
nanotube and less contact surface with the surrounding ILs.
For the bundled systems, it was found that they severely
resist against the solvent separating forces. This happens
because in these systems, the sum of p–p interactions be-
tween the common surfaces of the nanotube molecules is
larger than these interactions in the corresponding non-
bundled systems due to the less contact surface of the
solvent with the bundled CNTs. For the second system, the
confined water/IL mixtures, the results indicate that the
Br- anion has a more tendency to be hydrated with water
than the cation which is due to the most interactions be-
tween water and the anion. In all water mole fractions, the
arrangement of the aromatic rings is parallel to the CNT
surface.
For the third system, IL/gas system, the results indicated
that in the presence of SO2 gas, the repulsive interactions
between cation–cation increases while the repulsive inter-
actions anion–anion decreases. The presence of gas affects
the long-range structure around the anion; however, the
long-range structure around the cation does not change
significantly. Therefore, the gas breaks down the long-
range structural order of the ILs through its screening ef-
fect. The results showed that in the presence of SO2, the
diffusion coefficients and conductivities of ions increase.
Open Access This article is distributed under the terms of the
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